ABSTRACT
INTRODUCTION
The Yiluo River valley is a vast fertile alluvial basin bounded by the Mangling Hills to the north, the Xiao and Xiong'er Mountains to the west, the Funiu Mountains to the south and the Songshan Mountains to the southeast. The research area is situated in the eastern part of the Yiluo valley, from where the highlands of the Songshan Mountains descend to the Yiluo plains ( Figure 1 ). (Gongxian County Chronicle Editorial Board 1991:43, 69-70; Liu et al. 2002 Liu et al. -2004 .
According to ancient texts, the Yiluo basin witnessed the birth of the Xia dynasty -the first dynasty in China. Thus, this significant region has long been the focus of Chinese archaeologists who regard the pursuit of the origins of the early state or civilization in China as their mission (Chen 1997) . Surveys and excavations at the famous Erlitou site over the past 40 years have yielded much information suggesting that this settlement, covering an area of 300 ha, was the largest settlement of the Erlitou period, not only in the Yiluo basin but anywhere in China. Furthermore, the palace/temple complex, residential areas, burials, and craft workshops producing bronze, ceramic and bone objects demonstrate that this site was a political, economic and ritual centre (Erlitou Working Team 1984a , b, 1985 , 2001 ; Institute of Archaeology 1999; Liu 2006) . However, it is only in recent years that several archaeological projects have been launched to systematically study the social-developmental trajectory of this significant region. Among them is the Yiluo Project, an international collaborative and interdisciplinary archaeological program involving archaeologists from Australia, China, America and England (Liu et al. 2002 (Liu et al. -2004 Liu and Chen 2001) .
During the first six field seasons from January 1997 to June 2002, full-coverage surveys were conducted over the alluvial plains and loess tableland along five small river valleys in the Yiluo region: the Wuluo, the Caohe, the Gan'gou, the Majian and the Liujian (Fig. 1) . A total area of about 219 sq. km was surveyed, and 194 sites dating from the late Peiligang to the Zhou period were recorded.
The 6000 years of time span covered by these sites includes six archaeological periods, which are further partitioned into phases: 1. Late Peiligang (ca. 6000-5000 BC); 2. Yangshao, subdivided into Early (ca. 5000-4000 BC), , and Late (ca. 3500-3000 BC) phases; 3. Longshan, subdivided into Early (ca. 3000-2500 BC), and Late (ca. 2500-2000 BC) phases; 4. Erlitou (ca. 1900-1500 BC), subdivided into four phases, I-IV, approximately 100 years for each phase; 5. Shang, subdivided into Early Shang or Erligang (ca. 1600-1300 BC), and Late Shang or Yinxu (ca. 1300-1046 BC) phases; 6. Zhou, subdivided into Western Zhou (1046-771 BC) and Eastern Zhou (771-206 BC) phases. All sites can be allocated to period based on the diagnostic sherds collected during the survey.
Based on data from the project, I have constructed a GIS-based study detailing population fluctuations and the development of social complexity in the Yiluo area. The basic framework of my study consists of three parts: estimation of population size; reconstruction of carrying capacity and catchment productivity; and interpretation of the relationships between population fluctuations and the development of complex society. 
ESTIMATION OF POPULATION SIZE
Population size and density in prehistoric China are difficult to estimate, as most sites have only been partially excavated and little systematic research has been undertaken in regards to population size based on archaeological evidence. To estimate the population of the Yiluo region I refer to Chinese research on the population sizes of other Neolithic sites: Yuchisi (Institute of Archaeology 2001) and Jiangzhai (Banpo Museum 1989) . Both settlements have been almost completely excavated and exemplify good preservation of houses and artefacts of everyday use. Rich and reliable data can be derived from the two sites to estimate the relationship between population size and floor area, as well as settlement size. The calculated average density of the two sites, that is 57 people/ha (Banpo Museum 1989:68-69, 352-357; Institute of Archaeology 2001:325-328; Zhao 1998; Zhu 1994) , is used as the population density for my study.
HOW MANY AGRICULTURAL HECTARES DID A PERSON NEED?
According to records for Gongyi County, the average annual yield of millet in 1933 was 375 kg/ha (Gongxian County Chronicle Editorial Board 1991:260) . Observing experienced peasants (van Wersch 1972) , about 15% of the harvest would have been kept back for seed, leaving a total consumable millet production of 315 kg/ha. For each person, Gongyi County records indicate an average annual consumption of about 245 kg of processed grain (Gongxian County Chronicle Editorial Board 1991:479) , and 192 kg for children up to 14 years. These data give an average of 219 kg/person. Milling efficiency must also be considered. Using traditional milling techniques and assuming consumer acceptance of the resulting product, efficiency can be placed between 80 and 90%. Assuming an average efficiency of 85%, 258 kg (219/0.85) of grain would be needed to support an average person for one year.
The area of agricultural land that could support one person can be calculated by dividing the annual consumption average of 258 kg by the consumable yield of grain (315 kg) per hectare. The Gongyi County records thus suggest that each person needed about 0.8 ha for support. However, fallow land was also an important factor. According to several ancient texts, fallow land was very common in the Spring and Autumn period (770-221 BC) (Chen 1991:126) . In this study, I use a conservative figure, allowing one year of fallow for every year of cropping. Thus, the actual land needed per person increases to 1.6 ha, and this value is used in calculations of carrying capacity and catchment productivity.
GIS-BASED ANALYSIS OF CARRYING CAPACITY AND CATCHMENT PRODUCTIVITY Carrying capacity represents an upper limit for population growth within an area. First developed by zoologists in the 1930s, this concept has been widely applied and debated by anthropologists and archaeologists since the 1950s (Hassan 1981:164) . Hassan points out that human populations tend to subsist at levels below their maximum carrying capacity, maintaining their numbers at a level that is 20-60% of the maximum population size possible. This optimum carrying capacity level is a successful response to periodic, unpredictable fluctuations in the available yields of utilizable resources.
Two GIS programs -IDRISI and CARTARLINXprovided effective methods for me to conduct my study in the survey region. As millet was the only food resource considered in my research, the carrying capacity can be defined as the total population supportable by the available millet fields in the surveyed area. Similarly, the catchment productivity per site is calculated using the area of millet fields within the catchment of that site.
After obtaining the digitalized contour map of the Yiluo basin made by Mr Jianguo Liu of the Institute of Archaeology, Chinese Academy of Social Sciences, a referenced database was established for each cultural period identified in the Yiluo project. The site distribution, soil and river maps of the Yiluo region were then digitized. (Figure 2 ) illustrates the variables considered in my GIS analysis. Several factors needed to be taken into consideration for any estimation of carrying capacity, including slope, aspect, elevation and soil type, all of which can affect the land use pattern.
The digital contour map was prepared from four 1:50,000 topographic maps and configured to Universal Transverse Mercature (UTM) projection. Once digitised, the contour layer was transformed into an analytical surface featuring a Digital Elevation Model (DEM). This process was completed using IDRIS 32. A common method of creating a DEM is by digitising contour lines from a topographic map on a vector platform and then converting that vector to raster format. Considering the aims of the analysis and the scale of the digital map, a resolution of 30 m, which means each pixel in the DEM map represents 30 by 30 m, was chosen. In the image of DEM30, several layers can be added to express other information, such as layers within sites, rivers, and survey area boundaries (Figure 3) .
Two other raster images for slope and aspect were produced from the DEM30 with the Surface Module, which can calculate slope gradient, aspect and analytical hill shade images from a surface model. It was assumed that slopes between zero and 20 degrees were best for millet fields, since steep slopes are usually covered with rocks, exposed to erosion and difficult to cultivate. By Reclassing the values in the slope image, a Boolean image for "Best Slope" was generated. This image has only two values: 0, representing those areas with slopes greater than 20 degrees; and 1, representing those areas with slopes less than 20 degrees. It is assumed that the best compass aspect when considering available sunlight lies between 45 and 225 degrees, so another Boolean image for "Best Aspect" was produced by Reclassing the values in the aspect image. In the "Best Aspect" image, value 0 represents the area with aspects <45 or >225 degrees, and the value 1 represents the areas with aspects between 45 and 225 degrees. Also considered was the elevation suitable for cultivation.
I digitized the soil maps of the surveyed region using the CARTALINX software and converted it into a Raster image. For the Gongyi and Yanshi regions, available information on soil distribution, soil depth, natural plant productivity and agricultural productivity can be determined for each of the total of 24 soil types in the study area. Most of the soils are varieties of dark brown soil that are fertile and suitable for agriculture (Gongxian County Chronicle Editorial Board 1991: 99-104) . However, there are several types that are unsuitable, such as some kinds of sandy brown loam and dark brown marl.
The Reclass module was applied again to give a new value 0 to all the soils unsuitable for agriculture, and a value of 1 to all the soils suitable for agriculture. Another Boolean image for "Best Soil" was produced. Finally, the OVERLAY module was applied to multiply together the three Boolean images -(Best Slope)(Best Aspect)(Best Soil) -and this operation produced a new Boolean image for "Available field". In this image, those areas that have a value of 1 in all three images (areas suitable for agriculture) keep their value (1X1 = 1). Those areas that have a value of 0 in any of the three images (areas not suitable for agriculture due to problems with slope, aspect or soil type) will get a value 0 in the new image.
Applying the Area module in IDRISI to the data, the surveyed region would have an available area of 29,681.64 ha for millet, as calculated from the image of Available Field within the surveyed region. At 1.6 ha/person, this area could have supported 18,551 persons. It needs to be pointed out, however, that millet was not the only staple in this region during prehistoric and historic times. An archaeobotanic study from the survey area reveals that millet was the dominant crop, while rice, soybean and wheat were gradually added over time (Lee et al. 2007 ). However, since it is difficult to estimate the proportions of these crops in subsistence, we simply use the millet data to calculate total agricultural production.
The first thing required before estimation of the catchment productivity of each site is to decide where the boundaries were located. Two methods have been employed in previous studies of catchment size. One was based on the assumption that the majority of the people will tend to spend their nights in their settlement, so the radius of a catchment was decided by the time needed to make for a return trip within a day (cf. Brumfiel 1976; Vita-Finzi and Higgs 1970) . The other method simply takes the ethnographic record as reference, and assumes a radius for a catchment (Chisolm 1968:131) . It was assumed that agriculturalists would walk only a certain maximum distance to reach their fields, and that this maximum distance was the same for all sites during a given period. While one hour's walking distance is assumed to be the radius of the catchment area of each site in this study, travel across a terrain with varying slopes and at different walking speeds has been allowed for.
To estimate the effect of friction on walking across different slopes, a walking experiment was conducted with the assistance of my colleagues. From this, a "Time Distance" image was produced, in which the value of each pixel is the number of hours it takes for travel from the nearest site. Giving the values over 1 hour a new value 0, and values less than 1 hour a new value 1, a Boolean image of "Best Time" was obtained.
In order to determine the catchment of each site, I applied another module of IDRISI -Allocate -to get a new image "Location". Allocate assigns each cell to the nearest of a set of designated features. It is used as a follow-on to the DISTANCE, COST or VARCOST modules. In the output of all these three modules, the distance of each cell to the nearest feature is indicated, but not the name of the feature itself. The Allocate function designates names for these features. Each cell will therefore end up with one of the identifiers of the original feature from which the distance was calculated. In the "Location" images, each site will have its own Thiessen polygon around the site, which indicates the catchment.
The Overlay module was applied to multiply the "Location" images of different periods with the Boolean image "Best Time". The "Best Location" images are then obtained, in which the Thiessen polygon of each site is constrained within the radius of one hour.
The last step was to multiply the Best location images with the Available Field image (derived above) by applying the Overlay module. This produces the "Best Field" images, in which polygons of different colours represent the areas suitable for agriculture within the catchments of the different sites (Figs. 4 to 13) . The area of each Thiessen polygon can be computed automatically. Tables 1-10 (after the text) show site sizes, estimated populations, catchment productivities (CP), necessary fields (NF) and land-use ratios (NF/CP) for the sites in each period.
DISCUSSION AND CONCLUSIONS
Population size and the development of social complexity As Figure 14 shows, the population size of the study area fluctuated dramatically from the Peiligang to the Erlitou period. The first noticeable increase took place in the middle Yangshao phase, reaching a peak in the late Yangshao. However, a sharp decline occurred in the early Longshan phase, when the population fell below that of the middle Yangshao phase. A dramatic population increase followed this decline and the population reached a higher point than the Late Yangshao in the late Longshan phase, this being the first time that the optimum carrying capacity was exceeded, at 67.4% of the maximum carrying capacity. Another large-scale increase in population size occurred in the Erlitou period, when the population reached its maximum, well above the optimum carrying capacity, at 78% of the maximum carrying capacity.
Significantly, the increase of population size coincided with the initiation of social complexity. The middle Yangshao phase witnessed both the first noticeable population increase and the emergence of a two-tiered settlement hierarchy system, indicating a more complex social structure. After that, social complexity spurred the population to a high level in the late Yangshao phase, and kept it at a relatively high level in the late Longshan phase, although the most marked population decline happened in the early Longshan phase.
The results, however, do not support any assumption that "population pressure" was the prime mover for the initiation of social complexity. As Hassan has argued, one of the major weaknesses of the population pressure concept lies in confusing population increase with population pressure. An increase in population size does not necessarily imply that the resources are being depleted and that famine is around the corner (Hassan 1978) . Though the population kept increasing from the middle Yangshao to the late Yangshao phases, it still only reached 33 % of the maximun carrying capacity and was not likely to introduce survival pressures. Population increase might just have provided more opportunity for elites to manipulate different strategies intentionally, in order to maintain power and establish a more complex social structure. This initial population increase apparently did not cause significant pressure on resources. The archaeological data show that two-tiered hierarchy systems developed long before any significant level of population pressure.
Population size rose significantly in the Erlitou period and might have caused environmental pressure, resulting in a slight decline from Erlitou II to Erlitou IV. This seems to support Hassan's argument that, when an area is facing population pressure, instead of developing a more complex social structure there will occur a more intensive exploration for local resources under existing technology (Hassan 1978) .
From the Peiligang to the early Yangshao period, all sites had enough catchment productivity (or enough agricultural land within their catchments) to support their residents (Tables 1-2 ; Figs 4-5). However, a dramatic change started in the late Yangshao period. Twelve of the 48 sites became short of agricultural land within their catchment territories, even though the overall land-use ratio for the region was only 49% (Table 4 ; Fig. 7 ). This imbalance between sites continued into the later periods, and can be regarded as a new land-use pattern which had a close relationship with the development of social complexity. I employ two models to explain the shortage of agricultural land for some sites. The "tribute" model proposes that the food shortfall of the central sites in a settlement hierarchy system was met by tribute from the other sites. A two-tiered settlement hierarchy emerged in the middle Yangshao period and developed into a three-tiered settlement hierarchy in the Erlitou period. After the middle Yangshao, most of the central sites no longer had enough agricultural land within their catchments to support their populations. Gathering tribute from the surrounding lower level sites became an important strategy for survival.
The "special resources" model proposes that sites short of agricultural land might have had special resources which could be exchanged for food. Such special resources included both natural resources, such as stone for tools and clay for pottery, and technical resources such as some special method of craft production. This model can be employed to explain the shortfall in agricultural land at some relatively small low-level sites, as well as at some high-level sites such as Xikouzi Northwest, dating to Erlitou Phases II-IV, which shows a severe land shortage (Tables 8-10 ; Figs 11-13) .
The two models would not always have operated separately. On the contrary, they often cooperated in economic systems that developed political central control but lacked diversified market economies. Liu and Chen's (2003) sophisticated interpretation of the complex economic system of early states on the Central Plains provides one way of understanding the economic system in this study area, especially during the Erlitou period. According to their study, the central sites were usually the centers of craft specialization, located near natural resources. For exam-ple, the Huizui site, a local center in the Liujian valley, was also a center for stone tool manufacture (Henan Cultural Bureau 1961; Ford 2001; Liu and Chen 2003; Liu et al. this volume) .
Although some river valleys suffered from a shortage of agricultural land in some phases, the surveyed area as a whole had enough cultivable land in all ten chronological phases. In other words, shortages at some sites could always be covered from the resources of other sites within the region. Noticeably, from Erlitou phase II, the population size in the surveyed area fluctuated around optimum carrying capacity. This indicates that this region might have produced little crop surplus to support the capital settlement of the Erlitou polity. This implies that the redistribution of food in the form of tribute might have primarily occurred at the local level, and that food itself was not the main tribute item which the regional centers in the study area submitted to the capital.
A noticeable fact demonstrated by the archaeological data is that the shortage of catchment productivity did not coincide with the emergence of settlement hierarchy. In the middle Yangshao period, when the two-tiered settlement hierarchy first formed in the study area, the Zhaocheng site (20 ha), as a local center, suffered a shortage of agricultural land, while the other two local centers (Huizui and Beizhai Spoutheast) had enough agricultural land to support themselves (Table 3; Figure 6 ). In the late Yangshao, the Huizui site still had enough agricultural land to be self-sufficient, though its land-use ratio increased from 56% to 75% (Table 4 ; Figure 7 ). It was in the late Longshan period, when several small sites of less than 1 ha (sites 48, 52, 59 and 60) emerged nearby, that the Huizui site began to suffer a catchment productivity shortfall (Table 6 ; Figure 9 ), and was likely to have been supported by those small sites. Thus, it appears that the tribute model might have been established after the site hierarchy had been developed.
In spite of some limitations, GIS-based research can offer a better understanding of the relationships between population size, catchment productivity and the development of social complexity in an area that was part of the heartland of early states in China. Although some specific interpretations may change as more data and finer chronological controls become available, the analytical methods employed have shown great potential for application in future studies. Zhao, C. 1998 
